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mark actin ﬁlaments for the investigation of acto-myosin interactions. In the present study, we
employed transient and steady-state kinetic measurements as well as in vitro motility assays to
show that phalloidin perturbs the productive interaction of human non-muscle myosin-2A and
-2C1 with ﬁlamentous actin. Phalloidin binding to F-actin results in faster dissociation of the com-
plex formedwith non-musclemyosin-2A and -2C1, reduced actin-activated ATP turnover, and slower
velocity of actin ﬁlaments in the in vitromotility assay. In contrast, phalloidin binding to F-actin does
not affect the interactionwithhumannon-musclemyosin isoform2BandDictyosteliummyosin-2 and
myosin-5b.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Actin is one of the most abundant proteins in eukaryotic cells
and exists in a tightly controlled dynamic equilibrium between
monomeric, globular G-actin and polymeric, ﬁlamentous F-actin.
It plays a key role in a number of events in biological motility,
including cell division and migration, muscle contraction, cytoki-
nesis and intracellular transport [1].
Actin ﬁlament stability can be inﬂuenced by a change in the
state of the bound nucleotide or the interaction of the ﬁlament
with various actin binding proteins or drugs [2–4]. Phalloidin, a
bicyclic heptapeptide toxin of the mushroom Amanita phalloides,
binds to actin with high afﬁnity at a 1:1 stoichiometric concentra-
tion [5,6], promotes actin polymerization [7], and stabilizes the ﬁl-
aments by reducing the subunit dissociation rate constants to near
zero at both ends of the polymer [8,9]. Due to these unique prop-
erties the reagent and its ﬂuorescent derivatives are widely used
for localizing actin in living cells [10] and to stabilize and visualize
individual actin ﬁlaments in commonly used in vitro motility as-
says [11,12]. Several studies report that phalloidin affects various
properties of ﬁlamentous actin, e.g., bending and torsional ﬂexibil-
ity [13,14], enhances both force and ATPase activity in skinned stri-
ated muscle ﬁbers [15,16], and slows down rabbit skeletal musclechemical Societies. Published by E
ysikalische Chemie, OE 4350,
Strasse 1, 30625 Hannover,
e (D.J. Manstein).myosin-2 based actin sliding in an in vitro motility assay [13,17].
However, numerous investigations of acto-myosin function are
based on the use of phalloidin-decorated actin ﬁlaments and the
often-held view is that they behave in their interaction with myo-
sin identical to native actin ﬁlaments [18].
Here, we present evidence that the effects of phalloidin-stabil-
ization can greatly vary even between closely related myosins.
The function of human non-muscle myosin isoforms 2A and 2C1
is perturbed by phalloidin-stabilization of F-actin. In contrast, the
third human non-muscle myosin isoform 2B and class-2 and
class-5 isoforms from Dictyostelium are not affected by phalloidin
binding to F-actin.
2. Materials and methods
2.1. Plasmid construction
Expression cassettes were generated encoding the motor do-
main region of human non-muscle myosin-2A (residues 1–775), -
2B (residues 1–782), or -2C (residues 1–807), each fused with
two Dictyostelium a-actinin repeats, and an octahistidin-tag. In
the case of non-muscle myosin-2A and -2B, the expression cas-
settes were used in the BP recombination reaction according to
the manufacturer (Invitrogen) with the vector pDONR201. The en-
try-vector was used in the LR reaction according to the manufac-
turer’s instruction with the vector pDEST8. In the case of non-
muscle myosin-2C, we generated an expression vector for the pro-
duction of the motor domain of the splice variant 2C0. The expres-lsevier B.V. All rights reserved.
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Fig. 1. Flash photolysis with acto-non-muscle myosin-2C1 (d) and phalloidin-
stabilized acto-non-muscle myosin-2C1 (j) at 35 C. The light-induced conversion
of cATP into free ATP is followed by dissociation of the acto-myosin complex, ATP
turn-over, and rebinding of myosin to F-actin. The three associated phases are
monitored by changes in the intensity of the light scattering signal.
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berg, Germany) with optimized codon usage for the protein pro-
duction in the baculovirus/Sf9-system and subcloned in the
vector pFastBac1 (Invitrogen). The 8 amino acid extension of
loop-1 in isoform 2C1 was integrated via a PCR approach. Expres-
sion vectors for Dictyostelium myosin-2 and myosin-5b motor do-
mains, encoding amino acids 1–765 and 1–839, followed by two
Dictyostelium a-actinin repeats and an octahistidin-tag, were gen-
erated as described previously [19,20]. All plasmids were veriﬁed
by sequencing.
2.2. Protein preparation
Human non-muscle myosin-2A, -2B and -2C1 motor domain
constructs were produced in Sf9 insect cells. Dictyostelium myo-
sin-2 and myosin-5b motor domain constructs were produced in
Dictyostelium discoideum [21]. Proteins were puriﬁed by Ni2+-che-
late-afﬁnity chromatography and gel ﬁltration chromatography.
Rabbit skeletal muscle a-actin was puriﬁed by the method of Leh-
rer and Kerwar [22]. Brieﬂy, G-actin was obtained in a buffer con-
taining 5 mM Tris–HCl, pH 7.5, 0.2 mM CaCl2, 1 mM NaN3 and
0.1 mM ATP. Polymerization was performed by adding 100 mM
KCl and 2 mM MgCl2 and incubation at 4 C over night. The solu-
tion was centrifuged at 70 000g at 4 C for 1 h and the resulting
F-actin pellets were homogenized in actin buffer (5 mM Tris–HCl,
pH 7.5, 100 mM KCl, 2 mM MgCl2 and 0.04% NaN3). The purity of
the protein was conﬁrmed by SDS–polyacrylamide gel electropho-
resis (Supplementary Fig. 1). To prepare phalloidin-stabilized actin
ﬁlaments a stock solution of 100 lM F-actin and 100 lMphalloidin
(Sigma) was incubated in actin buffer on ice over night. Actin ﬁla-
ments were ﬂuorescently labeled with N-hydroxysuccinimide
(NHS)-rhodamine. The labeling was performed using a NHS-Rho-
damine Protein Labeling Kit (Pierce) according to the manufac-
turer’s protocol. To label F-actin with TRITC-phalloidin (Sigma)
the reagents were mixed vigorously in a 1:1.5 M ratio in AB-buffer
(25 mM Imidazole, pH 7.4, 25 mM KCl, 4 mM MgCl2 and 1 mM
EGTA) and incubated on ice over night.
2.3. ATPase assay
Comparative steady-state ATPase activities of non-muscle myo-
sin-2 with phalloidin-free or phalloidin-stabilized F-actin were
measured at 25 C using the NADH-coupled assay according to Fur-
ch et al. [23] in a buffer containing 25 mM HEPES, 4 mMMgCl2 and
0.5 mM DTT. The myosin concentration was 1 lM. The reaction
was initiated by adding 1 mM ATP to the mixture. NADH oxidation
was followed using the change in absorption at 340 nm in a Beck-
man DU-800 spectrophotometer.
2.4. Flash-photolysis experiments
Transient kinetic measurements were performed at 35 C using
a ﬂash photolysis system as described by Weiss et al. [25]. One
micromolar myosin was mixed with 0.5 mM caged-ATP (cATP)
and either 5 lM phalloidin-free or phalloidin-decorated F-actin
in a buffer containing 50 mM KPi, pH 7.4, 400 mM KCl, 5 mMMgCl2
and 10 mM DTT. A ﬂash of UV light was used to excite cATP. The
amount of released ATP was calculated from the increase of absor-
bance at 405 nm due to the formation of the excited aci-nitro state.
The interaction of myosin with F-actin and ATP was followed by
observing changes in light scattering.
2.5. In vitro motility assay
Standard in vitro motility assays were performed using an
Olympus IX81 (Olympus) inverted ﬂuorescence microscope asdescribed previously [19,24]. Assays were performed at 30 C in
AB-buffer with 10 mM DTT and 4 mM ATP. The inﬂuence of phal-
loidin on the productive interaction of non-muscle myosin-2 iso-
forms with F-actin was analyzed by measuring the sliding
velocity of either directly labeled rhodamine F-actin or TRITC-phal-
loidin labeled F-actin on myosin-coated surfaces. For each experi-
ment, 0.2 mg/ml anti-His antibody immobilized myosin and
20 nM labeled F-actin were used. The movement of at least 50 ﬁl-
aments was recorded. Automated actin ﬁlament tracking was per-
formed with the program DiaTrack 3.01 (Semasopht, Switzerland)
and the average sliding velocity was determined by the analysis of
the Gaussian distribution with Origin 7.0 (Originlab, USA).
3. Results
We chose a multifaceted approach to analyze the effect of phal-
loidin on the interaction of human non-muscle myosin isoforms
2A, 2B and 2C1 with F-actin. First, we investigated the ATP-induced
dissociation of the acto-myosin complex in the absence and pres-
ence of phalloidin by ﬂash photolysis (Fig. 1). The reaction was
monitored by the large change in the light scattering signal that
follows the light induced release of ATP. The rate constant kobs
for the ATP-induced dissociation of the acto-myosin complex was
obtained by ﬁtting a single exponential to the data. The experiment
was performed with ﬂashes releasing ATP concentrations in the
range from 5 to 20 lM and the obtained rate constants were line-
arly dependent on the concentration of nucleotide (data not
shown). The apparent second-order rate constants K1k+2 for ATP
binding to the acto-myosin complex were determined from the
slopes of the straight lines ﬁtted to the data. In the presence of
phalloidin K1k+2 values for non-muscle myosin-2A and non-muscle
myosin-2C1 were reduced from 0.7 to 0.3 lM1 s1. No change
in K1k+2 was observed with non-muscle myosin-2B (Table 1).
The ﬁnal increase of the light scattering signal due to the
rebinding of myosin to the actin ﬁlament after complete hydrolysis
of the released amount of ATP is described best by a sigmoidal
curve deﬁning the rate constant kATPase, corresponding to the stea-
dy-state ATPase rate of myosin at the given F-actin concentration
(Fig. 1). Again, phalloidin decoration of actin affected the enzy-
matic activity of non-muscle myosin-2A and -2C1. In the presence
of 5 lM phalloidin-stabilized F-actin the two isoforms exhibited a
3- and 5-fold slower ATPase activity while non-muscle myosin-2B
displayed the same actin-activated ATPase rate in the absence and
Table 1
Mean ﬂash photolysis parameters of acto-non-muscle myosin-2 in the absence and
presence of phalloidin. The kATPase values are mean values from 5 to 7 independent
experiments. Errors indicate standard deviations.
Actin kATPase (s1) K1k+2 (lM1 s1)
Non-muscle
myosin-2A
Phalloidin-free 0.0039 ± 0.0003 0.74 ± 0.22
Phalloidin-stabilized 0.0011 ± 0.0001 0.26 ± 0.04
Non-muscle
myosin-2B
Phalloidin-free 0.0135 ± 0.0028 2.22 ± 0.32
Phalloidin-stabilized 0.0104 ± 0.002 1.92 ± 0.20
Non-muscle
myosin-2C1
Phalloidin-free 0.1453 ± 0.024 0.66 ± 0.10
Phalloidin-stabilized 0.0291 ± 0.005 0.32 ± 0.05
Table 2
Kinetic parameters of the steady-state ATPase activity of non-muscle myosin-2 in the
presence of phalloidin-free or phalloidin-stabilized F-actin. The values represent
averages from three independent measurements using two different protein prep-
arations. Errors indicate standard deviations.
Actin vmax (s1) Kapp (lM)
Non-muscle myosin-2A Phalloidin-free 0.140 ± 0.009 156 ± 17
Phalloidin-stabilized 0.041 ± 0.003 136 ± 12
Non-muscle myosin-2B Phalloidin-free 0.072 ± 0.007 11.8 ± 1.1
Phalloidin-stabilized 0.075 ± 0.006 6.8 ± 0.4
Non-muscle myosin-2C1 Phalloidin-free >0.3 >50
Phalloidin-stabilized 0.069 ± 0.041 3.9 ± 0.7
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R.P. Diensthuber et al. / FEBS Letters 585 (2011) 767–771 769presence of phalloidin (Table 1). As a control we used a motor do-
main construct of Dd myosin-5b. Similar to non-muscle myosin-
2B, K1k+2 and kATPase of myosin-5b were not inﬂuenced by phalloi-
din (K1k+2  0.9 lM1 s1; kATPase  1.3 s1).
To expand these data, we performed steady-state ATPase activ-
ity measurements with the three non-muscle myosin-2 isoforms
and concentrations of phalloidin-free and phalloidin-decorated F-
actin in the range from 0 to 50 lM. The observed rates were plot-
ted against the F-actin concentration and ﬁtted to a hyperbola
according to Michaelis–Menten [26]. Phalloidin caused a more
than 3-fold drop of the maximum ATPase activity vmax of non-mus-
cle myosin-2A. In case of non-muscle myosin-2C1 phalloidin-stabi-
lized actin reduced the maximum ATPase activity vmax more than
4-fold (from >0.3 to 0.064 s1) and decreased the actin concentra-
tion needed for half-maximal activation of the ATPase, Kapp, more
than 10-fold (from >50 to 3.9 lM) (Fig. 2). As already observed in
the ﬂash-photolysis experiments phalloidin bound to F-actin had
no effect on the actin-activated ATPase activity of non-muscle
myosin-2B (Table 2).
The productive interaction of non-muscle myosin-2 and actin
ﬁlaments with and without phalloidin stabilization was investi-
gated in a standard in vitro motility assay. We used NHS-rhoda-
mine for direct labeling of actin ﬁlaments in the absence of
phalloidin or TRITC-phalloidin as actin ﬁlament marker. To ensure
that the different labeling types do not cause differences in sliding
velocity, the movement of the two ﬁlament species was tested
with an immobilized Dd myosin-2 motor domain construct with
artiﬁcial lever arm [19]. Phalloidin-free actin underwent much fas-
ter fragmentation during data acquisition in the in vitro motility
assay but the speed of movement was unaffected. Both populations0 10 20 30 40 50
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Fig. 2. Actin-activated steady-state ATPase of non-muscle myosin-2C1. Shown are
the ATP turnover rates of non-muscle myosin-2C1 at increasing concentrations of
phalloidin-free (j) and phalloidin-stabilized F-actin (d), respectively.of labeled F-actin displayed the sliding velocity of 0.85 lm s1 pre-
viously reported by Fujita-Becker et al. [24]. Next, we performed
motility assays with the three non-muscle myosin-2 isoforms.
The non-muscle myosin constructs moved both types of labeled
actin ﬁlaments with a low average velocity of approximately
100 nm s1. To increase the level of conﬁdence, the experiments
were repeated 5–10 times. In case of non-muscle myosin-2A and
-2C1, phalloidin-stabilization decreased the average actin sliding
velocity by 20% (Fig. 3). In contrast to this, NHS-rhodamine and
TRITC-phalloidin labeled actin ﬁlaments displayed an almost iden-
tical sliding velocity of 108 nm s1 on non-muscle myosin-2B
decorated surfaces (Table 3).
4. Discussion
The focus of this study was to examine how phalloidin-stabil-
ization of F-actin affects its interaction with myosin. Several assays0 200 400
0
10
N
um
b
Sliding velocity (nm s-1)
Fig. 3. Sliding velocity of actin ﬁlaments. Exemplary histograms and Gaussian ﬁts
(black lines) of the distribution of velocities of phalloidin-free rhodamine-labeled
(white bars) and TRITC-phalloidin-labeled actin ﬁlaments (black bars) in the in vitro
motility assay over non-muscle myosin-2C1 at 30 C. Phalloidin decoration shifts
the sliding velocity of actin ﬁlaments from 160 to 98 nm s1.
Table 3
Mean sliding velocities of phalloidin-free and phalloidin-decorated actin ﬁlaments
moved by non-muscle myosin-2 (n = 5–10). Errors indicate standard deviations.
Velocity (nm s1)
Actin Phalloidin-actin
Non-muscle myosin-2A 146.7 ± 3.1 116.6 ± 3.1
Non-muscle myosin-2B 108.8 ± 2.3 107.3 ± 2.1
Non-muscle myosin-2C1 135.8 ± 3.2 110.8 ± 2.3
770 R.P. Diensthuber et al. / FEBS Letters 585 (2011) 767–771that are commonly used to analyze the productive acto-myosin
interaction such as in vitro motility assays to determine the veloc-
ity of myosin-based actin sliding require mechanically resilient ac-
tin ﬁlaments or concentrations of F-actin below the critical
concentration of actin assembly. Fluorescent conjugates of the
bicyclic heptapeptide toxin have been proven to be tremendously
useful for labeling and stabilization of F-actin ﬁlaments, preventing
depolymerization by lowering the critical concentration and coun-
teracting motor-induced fragmentation [8]. Here, we show that
phalloidin-stabilization inﬂuences the functional behavior of myo-
sin isoforms to variable extent. The heptapeptide toxin clearly af-
fects the strength of the coupling between actin binding and ATP
turnover by human non-muscle myosin isoforms 2A and 2C1. This
is in good agreement with the reduction of rabbit skeletal muscle
myosin-2 HMM based actin ﬁlament sliding velocity reported by
Månsson and co-workers [13]. In addition, we performed the mea-
surements described above with several other myosins derived
from different classes and organisms. The interaction with F-actin
was not perturbed by the presence of phalloidin when movement
was supported by Dd myosin-2, Dd myosin-5b and, remarkably,
human non-muscle myosin-2B. Similar ATPase and motile activi-
ties, measured in the absence and presence of phalloidin, were pre-
viously reported for chicken skeletal muscle myosin [18].
A recent electron cryo-microscopy study by Egelman and co-
workers describes ﬁlamentous actin as heterogeneous system con-
taining a multiplicity of structural states [27]. This and earlier
studies lend support to the existence of a highly conserved alloste-
ric network involving surface-exposed, structurally dynamic ele-
ments as well as buried residues in the core of actin [28–30].
Interactions with actin binding proteins are thought to be trans-
mitted through this conserved allosteric network within the bind-
ing subunit and to adjacent protomers [27]. The fact that actin can
speciﬁcally interact with more than 150 other proteins, while
being involved in many different activities, was related to the var-
iable input of actin binding proteins interacting with different re-
gions on the surface of actin protomers [2]. While actin binding
proteins appear to modulate the distribution of discrete structural
states that the actin ﬁlament adopts by binding to surface regions,
phalloidin appears to induce a similar affect by interacting with
core residues. Phalloidin was shown to bind to the contact region
of three adjacent actin subunits resulting in ﬁlament-stabilization
and increased stiffness [31,32]. Filament breathing and structure-
destabilizing ﬂuctuations are reduced as a consequence of its bind-
ing [33,34]. Analyzes of the F-actin structure in the presence of
substoichiometric phalloidin concentrations by differential scan-
ning calorimetry was interpreted as indication that actin adapts
three dominant conformer states, one comparable to actin in the
absence of phalloidin, one adapted in direct interaction with the
heptapeptide toxin, and one induced by phalloidin bound to neigh-
boring protomers [35]. Moreover, phalloidin-induced cooperative
interactions were shown to extend over at least 10–20 subunits
through the actin ﬁlament [36,37]. Alterations of the C-terminus
of actin by limited proteolysis or chemical modiﬁcation result in
destabilization of actin ﬁlaments indicating that the highly con-
served C-terminal sequence plays an active role in establishing
the contacts with neighboring subunits. In good agreement with
a high cooperativity, stabilization of C-terminal modiﬁed F-actin
was already achieved by complexing one out of 20 actin subunits
with phalloidin [37].
The three human non-muscle myosin isoforms investigated in
this study play important roles in processes such as cell adhesion,
cell division and cell differentiation [38]. The motor domains of the
three isoforms share sequence identities of 80%. We assume that
the observed isoform-speciﬁc changes in the effect of phalloidin
are associated with speciﬁc features of the actin binding region
of the myosins tested. This is consistent with a recent investigationby De La Cruz and co-workers, who showed that the conforma-
tional dynamics and the structure of the strongly bound acto-myo-
sin complex are markedly inﬂuenced by the isoform of bound
myosin [39]. An alignment of the primary and secondary actin
binding regions (Supplementary Fig. 2) shows subtle but distinct
changes in the helix-loop-helix motif, loop-2, and loop-3 of the hu-
man non-muscle myosins.
In addition to phalloidin binding having a direct effect on F-ac-
tin dynamics, its binding may lead to a reduction in the rate of Pi
release, resulting in an increased lifetime of the F-actin-ADP-Pi
intermediate and associated changes in the structural dynamics
of F-actin. Nucleotide-state dependent changes in the structural
dynamics of F-actin have been shown to modulate the afﬁnity for
F-actin binding proteins such as coﬁlin and may in a similar way
act to control myosin binding [40].
In summary, our work shows that the interaction of human
non-muscle myosin isoforms 2A and 2C1 with F-actin is perturbed
in the presence of phalloidin. We propose that the observed differ-
ences in the kinetic and functional properties of non-muscle myo-
sin isoforms 2A and 2C1 result from phalloidin-induced changes in
the distribution of structural states of individual actin subunits,
which in turn affect actin ﬁlament dynamics and ATP turnover
by actin. Moreover, our results indicate that other myosins, includ-
ing closely related myosins like human non-muscle myosin-2B fail
to respond to phalloidin-induced changes, indicating potential dif-
ferences in regulatory mechanisms and interaction with actin ﬁla-
ments formed by different actin isoforms. In the light of our results,
the use of phalloidin-stabilized F-actin in assay systems with a
minimal number of components and under strictly deﬁned stan-
dard conditions can affect the experimental results to variable ex-
tent and needs to be considered during data interpretation. The use
of phalloidin-stabilized F-actin appears inappropriate for the char-
acterization of the acto-myosin system in its full complexity with
respect to the combination of actin and myosin isoforms, the ef-
fects of post-translational modiﬁcations, and the presence of other
actin binding proteins.Acknowledgements
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